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The microstructure, magnetic properties and magnetic structure of crystallized Fe84Nb7B9 samples
are studied in this article. It is found that the size of the body-centered-cubic Fe crystallites is
independent of the annealing temperature. The volume fraction of the amorphous phase decreases
with an increase in annealing temperature and iron boride precipitates form at temperatures over 973
K. Excellent soft magnetic properties are obtained in the sample annealed at 923 K which has large
uniform domains with smooth and straight walls, whereas precipitates of Fe boride in the sample
annealed at 973 K degrade the magnetic softness. Their magnetization processes are pure
magnetization rotation dominated by uniaxial anisotropy. The thick amorphous phase matrix and
strong internal stray field in the sample annealed at 773 K lead to a magnetic ripple structure. The
domain wall movement is strongly pinned by anisotropy fluctuations. The longitudinal wavelength
of the magnetic ripples increases with a decrease in temperature, and disappears at temperatures























lesNanocrystalline FeMB (M5Zr, Hf, or Nb!1,2 soft mag-
netic materials are two-phase magnetic systems that co
of body-centered-cubic~bcc! Fe nanocrystalline particle
randomly dispersed in a residual amorphous matrix. Str
exchange coupling interaction over the bcc Fe–amorpho
bcc Fe chain enhances the effective exchange correla
length, Lex, and the local magnetocrystalline anisotropy
bcc Fe phase averages out. Based on the random aniso
model3 ~RAM!, Herzer4 explained the magnetic behavior o
nanocrystalline soft magnetic materials by volume-avera
anisotropy,Keff5K0 /AN, where K0 is the anisotropy con-
stant of bcc Fe andN is the number of grains in an exchang
coupled volume. Sixth-power grain size dependence of
coercivity was obtained. Taking into account the existence
the residual amorphous phase, researchers5,6 extended the
RAM model to two-phase systems, and successfully
plained the magnetic hardening at an early crystallizat
stage of melt-spun samples. However, not all models
predict magnetic hardening near the Curie temperature o
amorphous matrix. The way that the amorphous matrix
fects the soft magnetic properties still remains unclear.
this article, the microstructures, domain structures, and m
netic properties of samples annealed at different temp
tures are studied. The intergranular exchange coupling in
action mediated by the amorphous phase is observedin situ
a!Corresponding author; electronic mail: ygao@mail.tagen.tohoku.ac.jp7460021-8979/2003/93(10)/7462/3/$20.00


















by the electron holography technique in order to obtain
deeper understanding of the mechanism of magnetic soft
in nanocrystalline soft magnetic materials.
An ingot of Fe84Nb7B8 was initially alloyed by arc melt-
FIG. 1. Bright field TEM images and diffraction patterns of the samp
annealed at 773, 923, and 973 K.2 © 2003 American Institute of Physics
 license or copyright; see http://jap.aip.org/jap/copyright.jsp
sis
the
7463J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Gao et al.FIG. 2. Typical magnetization curves and hystere
loops of the samples obtained at room temperature;
















































ining, and then quenched by single-roller melt-spinning equ
ment. The whole process was carried out in argon atm
sphere in order to avoid oxidation. The as-spun ribbons w
identified to be completely amorphous by x-ray diffracti
~XRD! analysis; they were then annealed at 773~S773!, 923
~S923!, and 973 K~S973! for 1 h at aheating rate of 3 K/s,
respectively. The microstructures of the samples were c
acterized by XRD, transmission electron microscopy~TEM!,
and high-resolution TEM~HRTEM!. The domain structures
and electron holograms were observed with a JEM-30
TEM equipped with a field emission gun and a biprism.7 A
special polepiece was utilized in order to protect the sp
men from the magnetic field of the objective lens. Thein situ
experiments were operated on a cold stage in a tempera
range of 77–350 K. Reconstructed phase images of h
grams were obtained by the fast Fourier transform~FFT!
method. The magnetization curves and hysteresis loop
toroidal samples were observed by a dcB–H tracer at room
temperature.
Figure 1 shows the typical microstructures of the cr
tallized samples. The most striking difference in the
samples appears to be the formation of iron boride wit
large grain size of over 100 nm in S973. The size of the
Fe crystallites in all samples, estimated from TEM and H
TEM images, is about 10 nm, and independent of the ann
ing temperature. The volume fractions of the amorphous
the bcc Fe phases are evaluated byMs–T curves. It is found
that the amorphous phase decreases from 70% for S77
30% for S923 and 28% for S973. Calculated using the ab
results and the relationd5D@C(12nam)
21/321#, whered
and nam are the thickness and the volume fraction of t
amorphous matrix, respectively,D is the grain size of the
crystallites, andC is a microstructure constant8 ranging from
0.9 to 1.0, the mean thicknesses of the amorphous matr
the bcc Fe particles are about 4–5 nm in S773 and 1–2
in S923 and S973, respectively.
Figure 2 presents the magnetization curves and hys
esis loops. It is found that the magnetization curve of S9
indicates a nearly linear characteristic when the magn
field applied is not large enough to saturate the sam
thereby reflecting a pure magnetization rotation process.
value ofMr /Ms(;0.54) infers that the low coercivity~,5.4
A/m! is determined by uniaxial anisotropy, i.e., optimum a
nealing favors the elimination of internal stress and the
isotropy of bcc Fe. The magnetization curve of S973 sho
the similar tendency, but its permeability is smaller than t






























movement as shown by the initial magnetization curve
cause the grains are much larger than the wall thickn
They provide plenty of nucleation sites, and degrade the
magnetic properties. It is worth noting that the magnetic
havior of S773 is mainly governed by a wall-pinning mech
nism as seen in Fig. 2. The high value ofMr /Ms ~;0.84!
indicates its magnetic properties are dominated by anisotr
with cubic symmetry. A high coercivity of about 1730 A/m
obtained.
Figure 3 shows Lorentz TEM images of the thr
samples. A magnetic ripple structure is clearly seen in S7
It was theoretically described as the reaction of the sampl
statistical perturbation by the crystal anisotropy of individu
grains,9 and reflects the irregular nanocrystalline natu
Fluctuations of the anisotropy have a strong pinning eff
on domain wall movement. This is in an excellent agreem
with the magnetic measurement. For S923, only large
mains with smooth straight walls are observed. Such a m
netic structure is a feature of a material with excellent s
FIG. 3. Fresnel Lorentz TEM images showing the magnetic structure




























































7464 J. Appl. Phys., Vol. 93, No. 10, Parts 2 & 3, 15 May 2003 Gao et al.magnetic properties. Although S973 also has a uniform
main structure without ripples, the domains are much sma
than those of S923. The domain walls prefer to cross
large precipitate grains to reduce stray field. The relativ
high coercivity~;119 A/m! andMr /Ms of 0.78 results from
interaction between the nanostructured system and the
cipitates which have high anisotropy. Estimated by Wad
method,10 the wall width of S923 is about 70 nm. It is sever
times bigger than the crystallites. Therefore, the domain w
can move without any hindrance from bcc Fe crystallites
Compared to S923, the thick amorphous matrix of S7
weakens the intergranular exchange coupling interaction
much that the magnetocrystalline anisotropy of bcc Fe is
completely averaged out. Local magnetizations follow
anisotropy fluctuations along the mean direction of magn
zation, resulting in magnetic ripples. The dependence of
exchange coupling interaction on the thickness of the am
phous matrix was presented in the model of Hernandoet al.5
such that the effective exchange constant is an expone
function of the amorphous thickness,Aeff5Ae
2L/Lam, where
Lam andL are the exchange correlation length and the thi
ness of the amorphous matrix, respectively;A is the ex-
change constant of bcc Fe. The magnetic structure of na
crystalline Fe84Nb7B9 alloys is determined by the interpla
among the energies of magnetocrystalline anisotropy,
change, and stray field. The magnetization fluctuations in
ripple structure are coupled along the mean direction of m
netization by exchange forces and perpendicular to it by
stray field. The exchange interaction mediated by the am
phous matrix can be analyzed with the amplitude of the m
netic ripple. Figure 4 shows the magnetic ripples of S7
observedin situ at different temperatures. It is found that th
ripple becomes weak with a decrease in temperature,
disappears at temperatures below 230 K. Thermal varia
of the magnetization distribution in the ripple structure
indicated in the reconstructed phase images~in ets of Fig. 4!.
FIG. 4. Lorentz TEM images and reconstructed phase images~insets! of the
electron hologram region as marked of the sample annealed at 773 K, s
ing the evolution of the magnetic structure with the temperature. The
main walls are marked DW. CT stands for cross tie.lL is the longitudinal


























The white lines represent lines of the magnetic flux, i.e.,
density describes the magnitude of local magnetic induc
and the tangent direction shows the direction of magnet
tion. The dashed lines show the corresponding domain w
in the Lorentz images. It is found that the lines of magne
flux are perpendicular to the ripples as predicted in Ref
The variation of the density with an increase of temperat
is in agreement with that of the thermal dependence of
saturation magnetization observed by a superconduc
quantum interference device~SQUID!. The effective ex-
change correlation length, given by the longitudinal wav
length of the magnetic ripple according to Hoffmann
quation,9
lL52pAAeff /Keff52pLex,
whereAeff andKeff are the exchange coupling and effecti
anisotropy constants, respectively, decreases remark
with an increase of temperature from;300 nm at 230 K to
;100 nm at 330 K, as shown in Fig. 5. This result cannot
explained by Hernandoet al.’s model that saysAeff is ex-
pected to increase with the temperature. In addition toLam
and L, other magnetic natures of the amorphous ma
should affect exchange interaction. The Fe84Nb7B9 nano-
crystalline alloy is a two-phase magnetic system. The diff
ence in saturation magnetization,DMs , between the phase
produces large amounts of interface charge, and results
strong internal stray field which tends to enhance the am
tude of the magnetic ripple. The value ofDMs increases with
n increase in temperature. The stray field becomes st
and theAeff is weakened as well. The magnetic hardeni
near the Curie temperature of the amorphous phase is ma
attributed to the enhanced difference in saturation magn
zation between the two phases at high temperature. Acc
ing to our experiment, a characteristic length of stray fie
related to DMs is expected to replaceLam in Hernando
t al.’s equation. A detailed discussion will be presented el
where.
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FIG. 5. Thermal dependence of the effective exchange correlation leng
the sample annealed at 773 K. license or copyright; see http://jap.aip.org/jap/copyright.jsp
